Abstract-The accuracy of the inverse solution that finds the spatial location of the generating sources from averaged scalp-recorded event related potentials (ERPs) relies on assumptions about the ERP signals and the sources. We provide evidence that using independent component analysis (ICA) as a signal decomposition filter prior to applying the inverse solution reveals sources that cannot be detected by conventional source localisation methods.
I. INTRODUCTION
In standard electrical dipole source localisation, averaged event related potentials (ERPs),'noise free version of ERP, are applied to inverse solution to find single or multiple source dipoles. Recently works by [1] [2] [3] show that the single trial ERPs are likely to result from phase oscillation of ongoing EEG. Therefore, averaging process does not create noise free version of single trial ERPs, but may in fact introduce artifacts [4] . Furthermore, the inverse solution for the multiple dipole sources has been shown to be not as reliable as inverse solution for single dipole source [5, 6] .
Other researchers [1, 2, 7] have suggested using independent component analysis (ICA) to separate the mixture of generating sources in the single trial ERP signals into independent components. The inverse solution for a single source dipole can then be applied to each of the components to estimate their spatial locations. The advantage of this technique is that it uses single trial ERPs signals without any averaging, and avoids the problems associated with the inverse solution for multiple source dipoles.
In this paper, we apply ICA methods to source localisation for the single trial laser evoked pain potentials (LEPs) to localise the brain source dipoles related to pain process. LEP is ERP recorded from laser stimuli, which evoke the heat pain response on the skin.
Neuroimaging studies of pain process in laser evoked heat pain using PET and fMRI have suggested the involvement of a number of cortical areas: Insula, Primary and Secondary Somatosensory (SII), Inferior Parietal, Premotor and mid-cingulate or caudal anterior Cingulate cortices. [8] [9] [10] [11] [12] .
Source localization studies using averaged LEPs and MEG recordings have shown sources in SII, insula and mid cingulate [11, [13] [14] [15] [16] [17] [18] [19] [20] . However, these studies have not revealed the full extent of the sources in the same way that PET and fMRI studies have. Hence, it is difficult to interpret the relationship between the estimated sources from electrophysiological (LEP, MEP) studies and activated brain region in fMRI and PET as well as inferring the functionality of these regions.
In this study, the result of source localisation using ICA shows five clusters of source dipoles consistent with results from fMRI and PET in other research [8] [9] [10] 12] .
II. METHODOLOGY

Laser stimulation and data acquisition
The study was approved by the Local Research Ethics Committee. Data were recorded from one right-handed female volunteer, aged 30 years, who gave her informed consent. She was in good health and not taking medication at the time of the study. Throughout the experiment, the subject wore protective goggles for safety and earplugs to mask acoustic interference from the laser. 
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The study comprised 3 recording sessions held at approximately the same time on different days. Each session consisted of 3 LEP recordings using the same methodology. During each recording, 60 CO 2 laser stimuli (100 ms pulse duration, 15 mm beam diameter) were delivered to the right dorsal forearm at 10 s intervals. Stimuli were randomly moved around a 5×3 cm area (positioned relative to individual anatomical characteristics for accurate reproduction) to avoid habituation/sensitization and possible skin damage.
The subject rated each stimulus on a 0-10 scale for pain intensity, approximately 3 s after the stimulus. Stimuli were kept at an intensity that the subject rated as moderately painful (i.e. 6-7 on the 0-10 scale).
Late LEPs were recorded from 64 scalp electrodes (positioned according to the 10-20 system), referenced to linked earlobes (QuikCap system, NeuroScan, Inc.). EEG data were sampled at a rate of 500 Hz, with a gain of 500, and band pass filters of 0.15-30 Hz (SynAmps, NeuroScan, Inc.). The vertical and horizontal electrooculogram was also recorded for the purposes of ocular artefact reduction. The impedance of all electrodes was below 5 kΩ. At the end of each LEP recording session, a digitiser (Polhemus 'Fastrak') was used to encode the electrode positions, which are later used to co-register the ERP with the structural MRI of the brain of the same subject (see Bentley et al for details). The structural MRI was acquired on a different day to the LEP recordings (1 Tesla Siemens scanner, T1-weighted image, 256×256 pixels, each 0.94×0.94 mm, 108 sagittal slices, each 1.67 mm thick).
Data pre-processing
Continuous EEG data were corrected for ocular artefact prior to epoching. A 200 ms pre-stimulus interval was used for baseline correction. Epochs with further artefact and not rated as painful (i.e. less than 4 on the 0-10 scale) were rejected. The accepted epochs of each block then concatenated together.
The single trial ERPs of the same stimulus are concatenated before applying ICA to do blind source separation. The continuous EEG may contain the signal from the sources, which are not active in ERPs time windows.
Source separation process using informax ICA algorithm [21] was applied to the 64 channels of each concatenated LEP signal of each of the nine experimental blocks, decomposing the signal into 64 maximally independent components. Each independent component, now a partial signal of the original recording, was averaged across the trial in the same block.
Theoretically, applying ICA to each single trial ERPs separately is possible. However, applied ICA to each single trial ERPs will generate larger number of ICs, which is not practical to compute the inverse solution for each single extracted ICs. By concatenated single trial ERPs, it is possible to reduce the number of extracted IC, and do not reduce the accuracy of source localisation if the ERPs of the same stimulus are generated from similar brain domains.
The following step is to select the ICs, which corresponded to 80% contribution to the averaged activation power. By this method, the selected ICs should have more activation after averaging, and therefore more likely relevant to laser stimuli. From 9×64 ICs, 180 ICs which have strongest activation are selected for the inverse solution.
Source localization
Source localization analysis was performed by CURRY® 4.5 software [22] on realistic head model, which was rebuilt by the module of the same software from MRI images of the same subject. The source localisation was applied on entire data window (from 0 to 1000ms) of averaged IC. Electrodes location using in the head model was measured at each experiment block by digitizer. For each IC, two mode of source localization are used:
(i) Source localization for single dipole source (ii) Source localization for bilateral dipole source The results with smaller error are selected. In case, where the solution for single dipole source gives a smaller error, but the location of that source is not physiologically relevant (in the area which not likely to be EEG source like white matter area), then the bilateral dipole source result are selected. Any result with variance (error) larger than 20% are consider as noise.
III. RESULTS
The examples of averaged LEPs at Cz from 9 data sets are showed in Fig. 1 .a. The LEP signals have a positive peak between 350~450ms. The peak appears in most electrodes around the head shows the large-scale integration of the LEP signal (Fig 1.b) From 180 ICs, 30 single dipole sources and 114 bilateral dipole sources were reconstructed. The remaining 36 ICs were considered as noise, since the error in source localisation calculation of these ICs were larger than 20%, or their locations were outside of the brain (Fig. 2) . The dipoles then were clustered by their anatomical location verified by brain atlas [23] . From each data block, 5 clusters of dipoles were found (Fig. 3) .
IV. DISCUSSION
The brain responses at SII in laser pain stimuli are reported in [10, 12] using fMRI, in [9] using PET. The responses in insula were reported in [11] using fMRI, PET as well as LEP source dipole localisation, in [9, 10] using PET. The brain responses at premotor cortex in laser pain stimuli are reported in [8, 10] using PET. The responses in cingulate cortex are reported in [9] (PET). The responses at inferior parietal cortex are reported in [8, 9] (PET). Although some of the previous study using LEP source localisation have detected the brain source at SII, insular and cingulated cortex [11, 13, 14] , this study is the first time have localised all these sources in the same experiment.
Furthermore, because ICA separate LEP signal into different components, each component assumed to be generated from only one source, the time course activation of each source become available for the entire epoch. In this analysis, all major source dipole appear to peak at around 400ms. This may be due to inter-regional synchronisation of brain signal as suggested by [24] . The synchronised activation happen at 400ms may explain why they are not detectable in standard source localisation method using averaged LEPs. This synchronised phenomenon suggests that the perception of painful stimulus by the subject may be established when the activation of different brain source are integrated at certain time after the laser stimulus.
V. CONCLUSION
This study demonstrates that by applying ICA to single trial LEP prior to do source localisation, the LEP source dipoles location were consistence with the finding using imaging technique (fMRI and PET) in other research. Although this result did not verify that the LEP source dipole and the source found in fMRI and PET are the equivalent, this result has provided the promising solution to investigate the interactive between different imaging modalities.
